Objectives: Acute kidney injury (AKI) occurs frequently after cardiac surgery and is associated with increased mortality. The Kidney Disease: Improving Global Outcomes (KDIGO) criteria for diagnosing AKI include creatinine and urine output values. However, the value of the latter is debated. The authors aimed to evaluate the incidence of AKI after cardiac surgery and the independent association of KDIGO criteria, especially the urine output criterion, and 2.5-year mortality. Design: Prospective, observational, cohort study. Setting: Single-center study in a university hospital. Participants: The study comprised 638 cardiac surgical patients from September 1, 2011, to June 20, 2012. Interventions: None. Measurements and Main Results: Hourly urine output, daily plasma creatinine, risk factors for AKI, and variables for EuroSCORE II were recorded. AKI occurred in 183 (28.7%) patients. Patients with AKI diagnosed using only urine output had higher 2.5-year mortality than did patients without AKI (9/ KDIGO 2;.6]) for KDIGO 3. KDIGO stages and AKI diagnosed using urine output were associated with mortality even after adjusting for mortality risk assessed using EuroSCORE II and risk factors for AKI. Conclusions: AKI diagnosed using only the urine output criterion without fulfilling the creatinine criterion and all stages of AKI were associated with long-term mortality. Preoperatively assessed mortality risk using EuroSCORE II did not predict this AKI-associated mortality.
Although renal function in cardiac surgery has been studied extensively, only few investigators have used complete criteria with UO. [4] [5] [6] UO has been suggested to be too sensitive and influenced by factors other than AKI, such as volume status and diuretics, antidiuretic hormone, and angiotensin II. 7, 8 Recently, among general intensive care unit (ICU) patients, AKI diagnosed using the UO criterion alone has been associated with adverse long-term outcome. 9 Previous results of the association between oliguria and postoperative survival after cardiac surgery are conflicting. 5, 6 Postoperative AKI based on the KDIGO classification was an independent predictor of 30-day mortality after cardiac surgery, 10 and patients with even mild AKI had increased mortality compared with their propensity-matched pairs without AKI. 11 However, those authors used only the creatinine criteria in the AKI diagnosis.
Accordingly, the authors of the study presented here aimed to study the following: (1) the incidence of AKI using the complete KDIGO criteria, including UO; (2) the association between AKI and especially the UO criterion and long-term survival; and (3) whether KDIGO stages are associated with mortality independently of EuroSCORE II and known risk factors for AKI.
Methods

Patients
This single-center FINNAKI-HEART study was performed alongside the multicenter FINNAKI-study in the Helsinki University Hospital. 12 The Research Ethics Committee of the Department of Surgery in Helsinki University Hospital gave approval for the study and for a deferred consent policy. Informed consent was obtained from all patients or their nextof-kin before the data were used.
The study consisted of the 2 following cohorts of cardiac surgical patients admitted to the ICU: consecutive coronary artery bypass grafting patients (CABG) from September 1, 2011, to June 20, 2012 , and consecutive other cardiac surgical patients, for a shorter period, from September 1, 2011, to January 31, 2012. Predefined exclusion criteria were as follows: transplantations and implantations of ventricular assist devices, refusal of transfusions, noncitizens, no informed consent, and transfemoral valve implantations. Patients on dialysis before surgery and patients without complete data on fluid therapy also were excluded.
Data Collection
Routine data, including demographics, physiologic data, hourly UO, ICU length of stay (LOS), and ICU and hospital mortality were recorded prospectively in the Finnish Intensive Care Consortium database (Tieto Ltd, Helsinki, Finland). Calculations of AKI stage based on UO were performed automatically by a calculator (built in the database for the FINNAKI main study). UO was measured hourly in the ICU, and the calculator considered each measurement. If oliguria lasted more than 6, 12, or 24 hours in the ICU, the corresponding stage of AKI, according to KDIGO criteria, was recorded for the patient. For each patient, the first UO-AKI and the highest UO-AKI were recorded during the first 5 days of ICU stay.
Mortality data were obtained within 3 years for the main FINNAKI cohort from the Population Register Centre (http:// www.vrk.fi). FINNAKI heart patients were followed up for approximately 2.5 years (961 days).
Perioperative and postoperative treatment, type of fluid given, and daily fluid balance were recorded prospectively in an electronic anesthesia and intensive care patient data management system (Picis, Wakefield, MA, and Dräger Medical, Lübeck, Germany). A study-specific case report form was completed at admission and daily until discharge from the ICU until the fourth postoperative day. The form included baseline creatinine value, patients' chronic illnesses, medication, and daily total fluid balance.
Plasma creatinine was measured daily and UO registered hourly during the ICU stay. After ICU discharge and until the fourth postoperative day, creatinine values were obtained according to the decision of the clinician.
Definitions
AKI was defined and staged according to the KDIGO guidelines 3 and considered creatinine (Crea-AKI), UO (UO-AKI), both creatinine and UO (Crea þUO-AKI), and renal replacement therapy during the ICU stay; after ICU discharge and until the fourth postoperative day, only creatinine and renal replacement therapy (RRT) were used. The development of AKI during hospitalization before surgery also was measured. Baseline creatinine was defined as the latest value from the previous year prior to ICU admission, excluding the preceding seven days, as suggested for ICU patients. Thus, the AKI developed perioperatively, covering also the immediate hospitalization before surgery. If the baseline value was not available, the baseline creatinine was estimated using the Modification of Diet in Renal Disease (MDRD) formula, which assumes a glomerular filtration rate of 75 mL/min/ 1.73m 2 . 13 To cover the acute increase of creatinine in the KDIGO definition (0.3 mg/dL in 48 hours), daily creatinine also was compared with creatinine values of the 2 previous days. The first and the highest stages of AKI were recorded for each patient over 5 days, including the day of surgery.
The vasopressor load was defined using the vasoactive dose as the norepinephrine-equivalent dose. [14] [15] [16] The variable was completed by adding ephedrine 17 and vasopressin doses. 15 The vasopressor load was as follows: (μg/kg/min) ¼ norepinephrine (μg/kg/min) þdopamine (μg/kg/min)/4 þ epinephrine (μg/ kg/min) þphenylephrine (μg/kg/min)/10 þ ephedrine (μg/kg/ min)/800 þ vasopressin (IU/kg/min) Â 500
The vasopressor load was calculated separately for operating room time and daily in the ICU. Inotropes milrinone, levosimendan, and dobutamine were combined as another variable, inodilator therapy.
Anesthesia and Surgery
In the authors' institution, anesthesia is induced with propofol or etomidate; opioids (fentanyl, alfentanil, or sufentanil); and rocuronium. Anesthesia is maintained with opioid infusion and sevoflurane. At the end of surgery, propofol infusion is started for sedation during the first hours in the ICU. Surgery is performed mostly on-pump at tepid temperature, but occasionally by off-pump technique or, rarely, in deep hypothermia in case of aortic arch correction. Surgical incision mainly is by sternotomy but occasionally by ministernotomy, lateral thoracotomy, or thoracoscopy in case of robotic surgery. Cannulation sites are the ascending aorta or femoral artery and right auricle, bicaval, or femoral vein, when appropriate. No mannitol is given, and perioperative furosemide is administered only occasionally. The heart is protected with intermittent cold blood cardioplegia.
Statistical Analyses
Variables with skewed distribution are expressed as medians and interquartile ranges (IQR). Comparisons of continuous variables were made using the Mann-Whitney U-test. Frequencies were compared using the chi-square or Fisher's exact test, when appropriate. A 2-sided p value o 0.05 was considered significant. Only risk factors present until the day preceding the diagnosis of AKI or risk factors present in the operating room for patients developing AKI on the day of surgery were considered. The median for time preceding AKI was calculated and used as the corresponding period for patients without AKI. 18 The power calculation was performed according to a primary endpoint of the FINNAKI-HEART study and was published previously. 19 AKI was a secondary preplanned endpoint. This study's sample of more than 600 cardiac surgical patients, which was estimated to include 150 to 200 cases of AKI, was assessed as being adequate to draw conclusions regarding the incidence, severity, and baseline characteristics of these patients.
A multivariable logistic regression analysis was performed to explore the independence of the risk factors for AKI. From 8 prediction models for AKI after cardiac surgery, 20 all variables that were in more than 1 model were included, and the analysis was supplemented by medication; vasopressor load; and use of inodilators, diuretics, colloids, and blood products. The number of covariates was restricted to 1 per 8 dependent endpoints 21 and covariates with the strongest association with AKI were taken into the multivariable analyses. Analyses were performed by entering all of the covariates in the model at the same time without any stepwise approach. Interactions between the variables of the lowest perioperative hematocrit value and red blood cell transfusions were excluded by introducing an interaction term in the analysis. Model goodness of fit was tested using the Hosmer-Lemeshow test and C statistics. A separate multivariable model with the same principles was created for UO-AKI patients only.
This study presents the 2.5-year mortality of patients with AKI diagnosed using different methods (UO, creatinine, or both) and patients without AKI as Kaplan-Meier curves and tested their difference using the Breslow test. In addition, Cox regression was used to evaluate the association between these groups and the postoperative KDIGO stages and mortality. The results were adjusted, first by EuroSCORE II to explore whether KDIGO stages were associated with mortality independently and second by EuroSCORE II and risk factors for AKI. Because EuroSCORE II includes many risk factors for postoperative AKI, only those risk factors that were associated independently with postoperative AKI in logistic regression but not in EuroSCORE II were included in the second analysis. Interaction between EuroSCORE II and KDIGO stages was excluded by interaction term in the analysis. Analysis was performed using the enter method. Proportionality was confirmed by visual inspection of the Kaplan-Meier curves.
Four sensitivity analyses were performed and excluded the following: (1) patients whose baseline creatinine value was estimated, (2) patients with chronic kidney disease, (3) patients who underwent surgery after January 31 (after that, only CABG patients were enrolled), and (4) patients who underwent surgery without cardiopulmonary bypass. In addition, stratified analyses of mortality in the Crea-AKI, UO-AKI, and Crea þUO-AKI groups were performed separately for patients who did and did not receive furosemide postoperatively. Furthermore, mortality analyses using Kaplan-Meier curves were repeated and excluded UO-AKI and Crea þUO-AKI patients who received their diagnoses after 24 postoperative hours in an effort to eliminate the possible detection bias caused by patients discharged from the ICU after 24 hours during which time UO data were no longer being recorded.
All analyses were performed using IBM SPSS Statistics, Version 22 (IBM Corp, Armonk, NY).
Results
Surgery
The study comprised 638 cardiac surgical patients (Fig 1) . Of those 638, 420 (65.8%) underwent coronary surgery, 141 (22.1%) valve surgery, 51 (8.0%) coronary and valve surgery, and 26 (4.1%) other cardiac surgery. Sixty of the 638 (9.4%) patients underwent surgery without cardiopulmonary bypass.
Incidence of AKI
AKI was diagnosed in 183 (28.7%; 95% confidence interval 25.3%-32.3%) patients. There was no difference in the incidence of AKI between the patients who underwent surgery before January 31 and those after that-128/445 (28.8%) versus 55/138 (28.5%). Eighteen (2.8%) patients received RRT within 5 days, and 1 patient remained on chronic dialysis at the time of hospital discharge.
Of the 183 AKI patients, 53 (29.0%) were diagnosed using only the UO criterion, 45 of whom experienced stage 1 and 8 of whom experienced stage 2 AKI. Another 76 (41.5%) AKI patients were diagnosed using only the creatinine criterion, and 36 (19.7%) AKI patients were diagnosed using both the UO and creatinine criteria. For 199 (31.2%) patients, the baseline creatinine value had to be estimated using the MDRD formula. The mean and median of the estimated creatinine clearance using the MDRD formula for those whose baseline creatinine data were available were 77.7 (95% confidence interval 75.6-80.0) mL/min/1.73 m 2 and 76.1 (IQR 61.9-90.8) mL/min/1.73 m 2 , respectively.
Timing of AKI
AKI was diagnosed in the ICU in 137 (74.9%) of 183 patients and in the ward (based on the creatinine value) in 46 (25.1%) patients. KDIGO AKI stages and criteria are summarized in Table 1 . The median (interquartile range [IQR]) postoperative day for the first AKI diagnosis was 1 (1-2) day. More than 80% of AKI cases were diagnosed before the third postoperative day. The daily appearance of the highest KDIGO diagnosis is presented in Figure 2 .
The UO criterion was fulfilled on average (median [IQR]) in 23.5 (9.75-35.75) hours in the UO-AKI group and in 21 (9-35) hours in the UO þ Crea-AKI group. Timing of the first diagnosis of UO-AKI in the UO-AKI and Crea þ UO-AKI groups are presented in Supplemental Figures 1, A and B.
UO data were complete for all patients during their ICU stay. The median (IQR) ICU LOS was 1.0 (0.9-2.1) days; in patients with no AKI the median ICU LOS was 1.0 (0.9-1.9) days, with Crea-AKI 1.1 (0.9-3.0), with UO-AKI 2.8 (1.8-3.7), and with Crea þ UO-AKI 6.0 (2.0-9.7). Thus, UO data were missing in 260 (40.8%) patients after 24 postoperative hours, in 360 (56.4%) patients after 36 postoperative hours, and in 459 (71.9%) patients after 48 postoperative hours ( Supplemental Fig 2) .
Patient Characteristics and Risk Factors for AKI
Patients with AKI received more blood products and vasoactive agents (Table 2) . Age, body mass index (BMI), peripheral vascular disease, chronic kidney disease, urgent surgery, low perioperative hematocrit value, vasopressor load, use of inodilators, and postoperative furosemide were significant risk factors for AKI in multivariable logistic regression analysis (Table 3) .
Few differences in demographics and intraoperative variables between the UO-AKI and Crea-AKI groups were detected; patients in the UO-AKI group received fewer vasopressors, more inodilators, and less furosemide postoperatively compared Abbreviations: crea, plasma creatinine; KDIGO, Kidney Disease: Improving Global Outcome; UO, urine output; RRT, renal replacement therapy n Four of these patients had KDIGO stage 2 without the RRT criterion. with patients in the Crea-AKI group (Supplemental Table 1 ). In a separate multivariable model for UO-AKI patients only, BMI, chronic kidney disease, low hematocrit value, inodilator therapy, and postoperative furosemide were significant variables (Supplemental Table 2 ).
Mortality
Crude mortality rates at 30, 90, 180 days and at 2.5 years (961 days) were 2.2% (14/638), 3.4% (22/638), 4.2% (27/ 638), and 9.4% (60/638), respectively. Standardized mortality rates according to EuroSCORE II were 0.43 and 0.67 at days 30 and at 90, respectively. Mortality rates were higher in patients with AKI than those without AKI (Fig 3) .
Mortality According to UO and Creatinine
There were 13, 9, and 15 deaths in the Crea-AKI, UO-AKI, and Crea þUO-AKI groups, respectively. The cause of death was cardiovascular in 7 (53.8%) in the Crea-AKI group, 6 (66.7%) in UO-AKI group, and 12 (80.0%) in the Crea þUO-AKI group. Cancer was the cause of death in 2 (15.4%), 1 (11.1%), and 1 (6.7%) in these groups, respectively. Causes of death were missing in 3 patients.
AKI patients diagnosed using the UO criterion alone had higher 2.5-year mortality than did patients without AKI ( Including patients who received RRT, mortality among the Crea-AKI, UO-AKI, and with Crea þUO-AKI groups was higher than in those without AKI, but mortality did not differ among the AKI groups (see Fig 3) . These results remained unchanged after adjusting for EuroSCORE II (Fig 4, A and B) . After adjusting for independent risk factors for AKI (not included in EuroSCORE II), namely BMI, lowest perioperative hematocrit value, vasopressor load, use of inodilators, and postoperative furosemide, the results remained unchanged (Fig 4, C) .
KDIGO Stage and Mortality
Mortality rates according to KDIGO stages are presented in Fig 5. All AKI stages were associated with a shorter time to death compared with patients without AKI (see Fig 5, A) . This finding remained unchanged after adjusting for EuroSCORE II (see Fig 5, B) and after adjusting for risk factors for AKI (see Fig 5, C) .
Sensitivity Analyses
In sensitivity analysis 1, which excluded patients with an estimated baseline creatinine value, the results remained unchanged. Sensitivity analyses 2 and 3 confirmed the results in all other subgroups but the Crea-AKI group, for which the last 193 CABG patients were excluded and the risk was adjusted for EuroSCORE II and additional AKI risk factors (Supplemental Table 3 ).
Of the 638 patients, 182 (28.5%) received furosemide postoperatively in the ICU preceding AKI. Survival curves for patients who did not receive furosemide differed significantly for all AKI groups compared with those without AKI. Among patients receiving furosemide, the survival curve for the Crea þ UO-AKI group differed from that of the no-AKIgroup (Supplemental Fig 3, A and B) . In total, 18.9% (86/455) of no-AKI-patients, 76.3% (58/76) of Crea-AKI patients, 38.9% (21/54) of UO-AKI patients, and 32.1% (17/53) of Creaþ UO-AKI patients received diuretics.
After excluding UO-AKI and Creaþ UO-AKI patients who received their diagnosis of UO-AKI after 24 postoperative hours, mortality within 961 days in all the groups were as follows: no AKI 23/455 (5.1%), Crea-AKI 13/63 (17.1%), UO-AKI 8/28 (28.6%), and Creaþ UO-AKI 11/37 (28.9%). KaplanMeier curves are presented in Supplemental Figure 4 . Mortality was higher in all the AKI groups compared with no-AKI group.
Discussion
In this prospective, observational study, 28.7% of cardiac surgical patients presented with AKI according to KDIGO criteria. Patients with AKI diagnosed using only the KDIGO UO criterion experienced higher crude and adjusted mortality than did patients without AKI. AKI by KDIGO stages was associated with increased crude mortality, and the results remained the same after adjusting for mortality risk assessed using EuroSCORE II and other risk factors for AKI.
In this study, the incidence of AKI and the use of RRT (2.8%) were comparable with previous reports (15%-30% for AKI and 1%-5% for RRT). 2, 22 Given the complete KDIGO criteria, the incidence in this study actually may have been lower than that in the literature.
Notably, patients with AKI classified using only UO, most with stage-1 AKI, experienced higher crude and adjusted long-term mortality than did patients without AKI. These patients comprised almost one-third of AKI patients, and their diagnosis would have been missed otherwise. These patients also experienced longer ICU stays than did patients without AKI. The finding of greater mortality was in line with a recent study of 32,056 ICU patients, for whom even a short episode of isolated oliguria without azotemia was associated with increased 1-year mortality. 9 In addition, the finding demonstrating an association of AKI diagnosed using only the UO criterion with long-term mortality highlighted the importance of including the UO criterion with the creatinine criterion in epidemiologic studies and corroborates previous reports. 6, 9 Hormonal 23 and volume fluctuations occur frequently in cardiac surgery. Moreover, perioperative mannitol and postoperative diuretics may be used, which may blur the interpretation of hourly UO. In the study presented here, mannitol was not used and the use of diuretics was adjusted for in the multivariable models. Two reports from cohorts with perioperative mannitol in routine use have shown higher incidence rates for AKI, from 40% 5 to 55%. 6 Lagny et al 5 did not find oliguric AKI to be associated with increased mortality in their retrospective report including 443 coronary and/or valve surgery patients. Their use of mannitol may have affected diuresis, thus weakening UO as a diagnostic criterion for AKI. Similarly, in the study presented here, mortality among the patients who received postoperative diuretics did not differ between the UO-AKI group and patients without AKI, suggesting that the UO criterion was weaker with postoperative diuretics. McIlroy et al 6 studied 311 elective on-pump coronary and/or valve surgery patients retrospectively and suggested that the UO criterion at 48 postoperative hours was too sensitive, whereas the UO criterion at 12 postoperative hours performed well for in-hospital mortality. The finding of the study presented here was in line with that by McIlroy: Early UO-AKI was associated with mortality because nearly half of the only UO-AKI diagnoses were made within 24 hours of surgery and UO-AKI was associated with higher mortality.
Severity of AKI assessed using KDIGO 10 and Acute Kidney Injury Network 24 has been associated independently with mortality 30 days and 1 year after cardiac surgery, respectively. In these studies, however, the AKI diagnosis was based only on the creatinine criterion. Furthermore, the variables used to adjust the associations included fewer than half of the variables in the recently updated EuroSCORE II. A recent propensity-matched analysis reported that patients with mild AKI experienced higher mortality compared with those without AKI among 833 pairs after cardiac surgery. 11 The authors used several predictive variables in propensity matching but only the creatinine criterion for AKI diagnosis. Thus, the study presented here differed by using the complete KDIGO criteria and adjusting for EuroSCORE II and AKI risk factors. The AKI risk factors detected in the study presented here, namely advanced age, high BMI, peripheral vascular disease, chronic kidney disease, and urgent surgery, have been reported consistently in previous studies. 20 Low perioperative hematocrit and red blood cell transfusions both have been associated independently with AKI after cardiac surgery, 25 but of these, only perioperative hematocrit was significant in the study presented here. Perioperative furosemide has been associated with mortality. 26 In the study presented here, one-fourth of the patients received postoperative furosemide before AKI, and it was a risk factor for AKI. Postoperative patients receiving furosemide plausibly are those assessed to be hypervolemic, and hypervolemia per se is associated with AKI and mortality. 27 In the study presented here, an association was found between vasopressor load and use of inodilators and AKI. Patients who developed AKI were more severely ill and experienced more comorbidities and a decreased left ventricular ejection fraction. Consequently, this association most likely reflected the patient characteristics rather than the use of vasopressors or inodilators. Patients in the Crea-AKI and UO-AKI groups seemed to have different vasoactive agent profiles. Vasopressors were more associated with Crea-AKI patients, and inodilators were more associated with UO-AKI patients.
This study had some limitations to be considered. First, the study was observational and, thus, it was possible to detect associations but not causality. Second, due to logistic reasons, data on UO were collected only during the ICU stay; thus the study may have underestimated the incidence of AKI slightly, and detection bias may occur. However, it is plausible that the incidence of AKI is highest during the early postoperative period. Furthermore, analyses after exclusion of patients who received their UO-AKI diagnosis after 24 postoperative hours revealed that UO-AKI diagnosed within 24 hours especially was associated with mortality, and the potential detection bias would not change the association of only UO-AKI and higher mortality. Third, as recommended, 13 the authors estimated the preceding creatinine value according to the MDRD formula in 30% of patients due to missing previous creatinine values older than 1 week. MDRD estimation was unreliable in a large retrospective study using only the KDIGO creatinine criterion. 28 However, in this study's sensitivity analysis after exclusion of patients with an estimated baseline creatinine value, the results remained the same. Furthermore, the average estimated baseline glomerular filtration rate using the MDRD formula for those having a baseline creatinine value available was very close to 75 mL/min/1.73 m 2 . Fourth, as suggested for ICU patients, a baseline creatinine value that was older than 7 days was used as was a changing baseline during the ICU stay to cover the change within 48 hours, consistent with KDIGO stages. Both of these methods may overdiagnose Crea-AKI because of factors such as angiography-induced preoperative creatinine rise or postoperative hemodilution. This might be why Crea-AKI was not associated with a higher mortality as was UO-AKI. Fifth, only coronary artery bypass grafting patients were enrolled in the study after January 31, 2012, which, however, did not affect the incidence of AKI. In addition, in the sensitivity analyses excluding patients with chronic kidney disease and patients enrolled after January 31, the results remained significant, except in the Crea-AKI group after adjusting for risk factors. Sixth, off-pump patients were included in the study, but they comprised only 9% (60/638) of all patients, and exclusion of these patients did not change the results.
In summary, nearly one-third of cardiac surgical patients developed AKI using the complete KDIGO criteria. Of note, AKI patients diagnosed using only the UO criterion experienced higher crude and adjusted 2.5-year mortality compared with patients without AKI. In addition, AKI diagnosed using any of the diagnostic criteria was associated with mortality during the 2.5-year follow-up independently of EuroSCORE II. These findings corroborate the importance of UO in diagnosing AKI in cardiac surgical patients and the independent role of AKI contributing to mortality after cardiac surgery.
